2 near the liquid-vapor (LV) spinode curve, where incoherent, spontaneous homogeneous nucleation (HN) of separate vapor bubbles merges with coherent spinodal decomposition (SD) of the corresponding superheated liquid correlated over a long scale [1, 2] . Classical HN theory predicts metastability of the bulk superheated liquid with respect to non-interacting finite fluctuations of its local entropy S and volume V values representing bubbles of finite critical and supercritical radii (r ≥ r cr ) [1, 2] . At increasing degrees of superheating, the Gibbs free energy HN barrier ∆G(T,P,r) for critical bubbles and surface tension of the superheated liquid σ tend simultaneously to zero when approaching its liquid/vapor (LV) spinode curve [1] , and so does r cr (in practice, size-dependent σ(r) ≈ C 1 −C 2 r ≈ C 1 for r → 0 and the numerical constants C 1 and C 2 [3] , so there should be a small, but finite r cr value even at the LV spinode). At the LV spinode − the ultimate stability limit of the superheated liquid with regard to infinitely small thermal and/or acoustic perturbations δS, δV − a non-steady state LV transformation known as "spinodal decomposition" occurs, according to the Cahn-Hillard model [4] , as strongly-correlated large-scale fluctuations at characteristic wavelengths λ → ∞ increasing exponentially in time (as compared to small-scale fluctuations) and setting up a large scale spatial periodic structure, while at higher temperaturesbeyond the spinode -characteristic λ continuously decreases vs. increasing T to atomic or molecular dimensions in the vapor phase. However, if intense thermal fluctuations are explicitly taken into account in SD theory (Cook, Langer [5] ), the sharp spinodal curve "washes out" be- fast LV transformation have been studied in superheated liquid argon near its LV spinode using a molecular dynamics (MD) approach [6] . In qualitative agreement with results of HN theory, these studies demonstrate shorter and shorter induction (incubation) times for nucleation of nanometersized density fluctuations (sub-or near-critical bubbles) in 9.5-nm MD cells vs. increasing T while approaching picosecond values at temperatures T ≈ 0.9T crit . However, since collective (correlation) and other size effects crucial for bubble nucleation in the near-spinodal region have not been included in these small-scale simulations, their important results may require experimental verification that has not been performed to date.
In this paper we report the use of contact broadband photoacoustic (PA) spectroscopy to study sub-µs near-spinodal HN of multiple steam bubbles in a µm-thick layer on a free water surface superheated by a TEA CO 2 laser above its explosive boiling threshold at heating rates ∼10 10 K/s.
Multi-MHz oscillations of acoustic pressure recorded by a state-of-the art acoustic transducer at different incident laser fluences have revealed a broad weak high-frequency spectral band and a number of strong low-frequency spectral lines interpreted, respectively, as weak random oscillations of short-living nm-sized near-critical bubbles and stimulated synchronous oscillations of µm-sized supercritical steam bubbles and sub-µs coalescence products.
In the PA experiments we used an experimental setup described elsewhere [7] . A 10.6-µm, TEA CO 2 laser beam (Lumonics 100-2, TEM 00 , 0.1 J/pulse, the initial spike of duration τ 1 ≈ 70 ns (FWHM) storing about γ 1 ≈ 50% of the pulse energy, the pulse tail of the duration τ 2 ≈ 0.6 µs, repetition rate of 1 Hz) was focused by a ZnSe spherical lens (focal distance L = 10 cm, Gaussian focal spot radius σ 1/e ≈ 0.2 mm) at normal incidence onto a free surface of bulk de-ionized water PA studies performed at various incident laser fluences F = 0.8-11 J/cm 2 show characteristic waveforms p(t) consisting of a main pulse (t = 0-0.15 µs) and an oscillatory tail at t > 0.15 µs (Fig.1) . The main thermoacoustic (TA) pulse increases slowly for F ≤ F B = 1.7±0.3 J/cm 2 , but then rises rapidly at fluences exceeding this threshold value ( Fig.2 ) (see similar thresholds for similar TEA CO 2 -laser temporal pulse shapes in [10] ). Moreover, near the threshold the main acoustic pulse transforms from tripolar to bipolar (see transients 1-3 in Fig.1) , where both the tri-5 polar and bipolar waveforms are first time derivatives of the actual bipolar and unipolar waveforms generated during the laser spike (their FWHM equal that of the laser spike) via the TA or explosive boiling (EB) mechanisms [8, 11] , respectively, and slightly perturbed by surface vaporization [10] and cavitation in the superheated water. The differential effect results from diffraction of the acoustic transients in the far field [8] where data acquisition was performed, and explains slower increase of the compressive pressure amplitude p comp (positive phases in Fig.1 This conclusion is also confirmed by simple energy balance analysis. EB of water occurs during the laser pulse near its LV spinode at positive pressures P (P 0 = 1atm < P < P cr ) and temperatures T ≈ (0.9-1)T cr ≈ (5.9-6.5)×10 2 K [1, 9] (the critical pressure and temperature of water are P cr ≈ 22.4 MPa and T cr ≈ 647 K [9] , respectively) in the "thermal confinement" regime [6] , when the threshold volume energy density ε th ≈ (1 − R)×F th /δ ≈ 1×10 3 J/cm 3 [1] is supplied by the incident laser fluence F th ≈ 0.9 J/cm 2 for R ≤ 0.01 [12] and δ ≈ 9 µm [13] (the reflectivity and penetration depth for a flat surface of bulk water at normal incidence and 10.6-µm laser wavelength). For increasing total laser fluence F, the onset of laser-induced EB in water at the instantaneous fluence F(t) ≈ F th can be achieved at an earlier time t during the CO 2 -laser heating pulse and can be resolved using the nanosecond acoustic transducer. For example, for the 50:50 energy content ratio of the CO 2 -laser spike and tail there are two reference total fluence thresholds F 1 ≈ 0.9 J/cm 2 and
, which should provide EB of water at the end of the tail and right after the spike, respectively. Therefore, at F 1 ≤ F ≤ F 2 one can see the main bipolar TA 6 pulse accompanied by oscillatory EB (cavitation) signal during the laser pulse tail, while at F ≥ F 2 the EB effect and, to a minor extent, surface vaporization builds up the main unipolar EB pulse and the accompanying cavitation signal [10] . Note that, according to such energy balance analysis and the experimental data of other studies, surface vaporization of water starts at lower F ≈ 0.3 J/cm 2 [10] , corresponding to the normal boiling temperature T boil ≈ 373 K at P =P 0 [9] .
In accordance with the reference thresholds F 1 and F 2 , at F ≈ 0.8 J/cm 2 ≤ F 1 only the main symmetric tripolar TA pulse was recorded followed for t > 0.2 µs by a few low-amplitude oscillations at a background level (transient 1 in Fig.3 ). In contrast, at F ≈ 1.4 J/cm 2 > F 1 accompanying the main asymmetric tripolar pulse is a pronounced oscillatory tail which sets up after the laser spike at t > 0.4 µs (transient 2 in Fig.3 ) and represents characteristic cavitation dynamics of steam bubbles with resonant frequencies f ≈ 10-40 MHz (Fig.4b) , which µs-scale dynamics has been studied in our previous work [14] . The amplitude FFT spectra in Fig.4 were obtained for the first 0.7-µs (t = 0.2-0.9 µs) slices of this and other acoustic transients for F > F 1 . At higher F ≈ 2.1 J/cm 2 ≥ F 2 an oscillatory tail starts at the end of the laser spike at t ≥ 0.1 µs (transient 3 in Fig.3 ).
Similar oscillations in the range 15-30 MHz were earlier detected in water at similar CO 2 -laser fluences [10] , but were interpreted as oscillations of bubbles produced around micron-sized solid dust species suspended in water of industrial districts. However, since in this work no visible oscillations were observed in the acoustic transients on sub-µs or µs timescales at F < F 1 (Fig.3) , such multi-MHz bubbles can only be related to sub-µs explosive HN in superheated interfacial water layers at F > F 1 . Surprisingly, the spectral amplitudes of bubble modes in Fig.4 do not change significantly at higher F < 6 J/cm 2 inspite of increasing axial and radial dimensions of the superheated surface water layer, while in agreement with the abovementioned F-independent onset of EB at F(t) ≈ F th and the virtual diffraction-limited increase of p comp in Fig.2 at F = 1.7-6 7 J/cm 2 at the slowly increasing actual p comp amplitude. Altogether these facts demonstrate that under our experimental conditions the EB process is driven by thermodynamic (e.g., degree of superheating) rather than kinetic (e.g., heating rate) factors and exhibits a single threshold F th for different laser fluences F > F th , indicating EB at some superheating limit which could be the LV spinode (see below). Also, the main oscillation modes in Fig.4 show their damping during the laser tail with characteristic times of about 1 µs consistent with our previous measurements [14] .
More complex, but noisy acoustic transients exhibiting higher-resolution FFT spectra more rich in higher f were obtained at F ≈ 2.1 J/cm 2 ( Fig.5 ) using thinner water layers (H ≈ 1-1.5 mm), since, in this case, the diffraction effect for the multi-MHz acoustic waves is considerably weaker. In particular, one finds in Fig.5 that the bubble oscillation mode at f ≈ 32 MHz has much shorter lifetime (≈ 150 ns according to its FWHM parameter Γ≈ 6 MHz) than the other modes in 
